Abstract Understanding the genetic connectivity among populations of spreading and problematic species is important to determine the spatial scale at which management actions need to be conducted. The feral pigeon (Columba livia) is considered to be a pest or an invasive species in many cities around the world, leading to frequent attempts to control its populations. In the present study, we used microsatellites markers to investigate the relationship between genetic structure and geographic distance among feral pigeons from different locations, and the patterns of genetic differentiation at two geographic scales, within and between urbanised areas. A Mantel's test revealed that the levels of genetic differentiation increased significantly with the geographic distance separating the locations. We also found that neighbouring locations within urban areas are usually not genetically differentiated, suggesting that all of the feral pigeons in an urban zone constitute a single management unit. Our results suggest that in large, interconnected cities control by culling at the scale of a neighbourhood, in addition of generating ethical issues, will not be effective to decrease pigeon population sizes.
Introduction
Understanding the connectivity among populations of spreading and problematic species is important to determine the spatial scale at which management actions need to be conducted. If a local population of an invasive species targeted for control is not connected by dispersal to other populations, then it can be considered a management unit, i.e. a demographically independent populations whose population dynamics depends on local birth and death rates rather than on immigration (Palsbøll et al. 2007) , and it can be managed independently (Robertson and Gemmell 2004) . Otherwise, if the local population is part of a network of local populations connected by dispersal, thus constituting a metapopulation, management programs should be conducted at the scale of the global metapopulation to be efficient (Robertson and Gemmell 2004) . Molecular genetics has provided a valuable means of determining connectivity between populations: negligible genetic differentiation between populations is indicative of significant gene flow, whereas significant differentiation between populations indicates limited dispersal (Rollins et al. 2006) .
In the present study, we used microsatellite markers to investigate the genetic relationship between feral pigeons (Columba livia) within and between urbanised areas. Feral Pigeons are free-living descendents of domestic pigeons (Johnston and Janiga 1995) . Well adapted to the urban environment, they live in almost every large city around the world (Jerolmack 2008) . Within these urban areas, the high availability of food and of nesting sites, the low predation pressure and the buffered climatic conditions often allow their populations to reach high densities (Johnston and Janiga 1995) . Large numbers of pigeons are often branded as causing problems in the cities, like damage to buildings and transmission of disease and parasites (e.g. Jerolmack 2008 ). Therefore, in many cities feral pigeon is considered to be a pest or an invasive species, leading to frequent attempts to control its populations. A number of control methods are used with variable efficiency, which can be divided in three main categories: increase of mortality, usually by culling but also by the promotion of predators, reduction of reproductive success by removing the eggs or by using sterilization or contraceptive methods, or reduction of habitat carrying capacity by decreasing the availability of nesting sites and food (reviewed in Haag-Wackernagel 2002 and in Giunchi et al. 2012) . In large cities, for practical reasons, control programs are usually implemented at the scale of a neighbourhood. In such cases, the efficiency of the programs will depend, among other factors, on the connectivity between the groups of pigeons inhabiting the different neighbourhoods within the city (Robertson and Gemmell 2004) . Ours represent the first attempt to characterize the genetic structure of feral pigeon populations. This information will be useful to determine the connectivity between groups of pigeons at the geographic scale at which actions to decrease population sizes are most likely to succeed.
Materials and methods

Sample collection
We analysed DNA of feral pigeons originating from fourteen locations in eight geographically distinct urbanised areas in France, Spain and Switzerland. We conducted more intensive sampling in a contiguous and densely urbanised area that included the city of Paris and its suburbs, referred to as Île-de-France (IdF), where six different locations were sampled. The study areas also included a sparsely but continuously urbanised area situated along the Rhone valley in France, which we refer to as the Montélimar/Viviers area (MV), where we sampled three different locations. In total, we collected 529 blood or feather samples from fourteen locations (Table 1 ). In IdF, we used blood samples collected from pigeons captured either in a dovecote (Fontenay and Pantin) or at a feeding point. In the eight other locations, we collected recently moulted feathers in the vicinity of roosting sites. Only 2 or 3 feathers were collected at each roosting site to limit repeated sampling of the same individuals (but see below how we have ensured that samples were from different individuals).
Genetic methods
Feathers were kept at room temperature in paper envelops until DNA extraction. We isolated DNA from feather samples by incubating 1-2 cm of the shaft cut into pieces in 1.8 mL ASL buffer (Qiagen) ?20 lL proteinase K. Blood was stored in buffer PBS ? EDTA (3 % v/v) and was kept frozen at -20°C until DNA extraction. We extracted DNA using a Tissue Kit (Qiagen) and followed the manufacturer's protocol for DNA extraction from blood or feather samples. DNA was eluted in 2 9 100 ll AE buffer (Qiagen) and stored at -20°C. We amplified seven microsatellite loci (ClilD17, ClilT17, ClilD16, ClilD32, ClilD01, ClilT13 and ClilD19) developed for domestic breeds of the rock pigeon (Traxler et al. 2000) . F-primers were fluorescently labelled using commercially available dyes, FAM, VIC, NED and PET. PCRs were setup in 10 ll volume containing 1 9 Multiplex Master Mix (Qiagen) and 0.2 lM each primer. We amplified the seven microsatellite loci in a single PCR reaction. PCR conditions were as follow: 15 min at 94°C for DNA denaturation, 35 cycles of [30 s denaturation at 94°C, 3 min hybridisation at 54°C and 30 s elongation at 72°C] and a final elongation step of 15 min at 72°C. The PCR products were mixed with an internal size standard (Genescan 500LIZ, Applied Biosystems) and analysed using an ABI 3700 semi-automated DNA sequencer (Applied Biosystems). Negative controls were used to check for cross-contaminations between tubes during DNA extraction and amplification. We calculated the size of the microsatellite alleles using GENESCAN 4.0 (Applied Biosystems).
Genetic analyses
Because repeated genotypes may indicate repeated sampling of the same individual, within locations, we searched for multiple occurrences of the same multilocus genotypes using GenalEx 6 (Peakall and Smouse 2006) .
We tested for a significant deviation from HardyWeinberg Equilibrium (HWE) for each locus at each location using the algorithm of Guo and Thompson (1992) as implemented in ARLEQUIN 3.11 (Excoffier et al. 2005) . For each location, we calculated the average level of observed heterozygosity, H O , the coefficient of inbreeding, F IS , and the allelic richness, r, using FSTAT 2.93 (Goudet 2001) . Measures of allelic richness were corrected for variation in sample size using the rarefaction method described by Petit et al. (1998) .
We estimated the genetic differentiation among locations using both F ST (based on the infinite allele model of mutation) and R ST (based on the stepwise model of mutation) statistics, calculated with ARLE-QUIN 3.11. The procedure proposed by Hardy et al. (2003) and implemented in SPAGEDI (Hardy and Vekemans 2002) suggested that R ST was a better estimator than F ST for describing the genetic differentiation among our feral pigeon locations (p R ST [ F ST , p value = 0.01). We therefore only present R ST values, calculated with ARLEQUIN 3.11. A permutation procedure (10,000 steps) was used to assess the significance of the estimated R ST values.
We tested whether Slatkin's isolation-by-distance model (Slatkin 1993) of increased genetic distance with increased geographic distance is appropriate among locations of feral pigeons. The significance of the Pearson correlation coefficient between genetic We report the name used to identify the locations and its abbreviation, the type of sample analyzed (b blood, f feather), their geographic coordinates, the number of unique genotypes per locations (n, the number of samples is indicated in brackets), the level of observed heterozygosity (H O ), the coefficient of inbreeding (F IS ) and the allelic richness (r), corrected for variation in sample size using the rarefaction method described by Petit et al. (1998) Genetic structure of the feral pigeon 25 differentiation and geographic distance was assessed with a Mantel test (1,000 permutations) using GenalEx 6 (Peakall and Smouse 2006) .
Results and discussion
Genetic results
The genotyping success per locus ranged from 98.5 to 100.0 %. The low values of the probability of identity (from 5.3 9 10 -3 in Bgr to 1.5 9 10 -3 in Vvr) suggests that each multi-locus genotype identifies a unique individual. In locations where feathers were sampled, we observed multiple occurrences of some genotypes, which indicates that some individuals were sampled more than once. We therefore kept only one of the duplicate genotypes, excluding a total of 60 samples (Table 1 ). All other genotypes within locations differed by at least three alleles. The total number of alleles per microsatellite locus ranged from 9 to 26. When examining each locus per population and correcting for multiple tests, only one locus was significantly deviated from Hardy-Weinberg expectations. ClilD19 showed a significant heterozygote deficiency in all locations, suggesting the presence of a frequent nonamplifying allele (the frequency estimates for this potential null alleles is 0.60). ClilD19 was therefore excluded from further analyses. Whereas one location, Vnv, was characterised by a level of observed heterozygosity (H o = 0.873) slightly higher than expected under HWE (not significantly so), the levels of H o were lower than expected in all the other populations, resulting in positive values of the inbreeding coefficient. This result suggests that some level of population genetic substructuring and/or inbreeding may occur, although these processes are not strong enough to induce a marked deviation from HWE. The lowest level of allelic richness was found in the Bng location (5.92 allele/locus, Table 1), while the remaining 13 locations showed levels of allelic richness ranging from 7.52 (Zh) to 9.75 (Crc). Bng is situated in Belle-Île, an island separated from the closest continental group of pigeons by a distance of 20 km. The overall small population size and geographic isolation may partly explain the low level of genetic diversity observed.
We observed a high level of genetic differentiation between geographically distant locations (Table 2) . Estimated pairwise R ST were almost always significant between locations situated in different urbanised areas. The estimated levels of genetic differentiation increased significantly with the geographic distance separating the locations (Fig. 1 , Mantel test, p value = 0.001). This result suggests that effective dispersal between urbanised areas is rare and decreases rapidly with the geographic distance. This is consistent with the results of the study from Hetmanski (2007) , where no emigration to other towns in the neighbourhood of the study area were observed. Our findings confirm that dispersal events between cities are a rare event, indicating strong philopatry in the species.
We found that the geographical scale at which the analysis was conducted largely influenced the pattern of genetic differentiation between samples. Indeed, between the six locations within the IdF region and between the 3 locations within the MV region, we observed very low levels of genetic differentiation (R ST = 0.00-0.06) and most pairwise R ST estimates were not significantly different from zero (Table 2) .
This very low level of genetic differentiation between groups of pigeons within the same large city may be observed even if they are not connected by dispersal if the groups originated recently from the same founding population, for example through escaped racing homers (Stringham et al. 2012 ). However, this does not seem very likely because the presence of feral pigeons is attested in France since the end of the nineteenth century, with an important increase of urban populations within Paris at the beginning of the twentieth century (Skandrani et al. 2014 and references therein) . Given the short generation time of feral pigeons (they become sexually mature when 6 months old, Johnston and Janiga 1995) , in the absence of gene flow, the number of generations would have been sufficient for groups of pigeons within Paris to accumulate genetic differentiation by genetic drift. We therefore argue that groups of pigeons within the same large urbanized area do not show genetic differentiation because they are connected by dispersal. This is in agreement with the results of Morand-Ferron et al. (2009) , who found that the pigeons inhabiting the downtown area of Montréal seem to behave as a single population that distributes among foraging sites spread over the city centre in proportion to the quantity of food offered. Furthermore, Hetmanski (2007) studied dispersion in five feral pigeon colonies within the city centre of Słupsk, Poland, and showed that, whereas hardly any adult birds left their breeding colonies, dispersion among young birds between colonies within the city was relatively high and remained at a stable level of 20-33 % per year. Even in cases where pigeons exhibit high site-fidelity, like in Barcelona, exchanges of pigeons between adjacent populations also occur occasionally (Sol and Senar 1995) . Our results therefore confirm with a genetic approach previous suggestions that pigeons within an urbanized area constitute a single management unit, as proposed by Giunchi et al. (2012) .
Implication for management
As mentioned above, three main classes of methods are used to control pigeon populations: culling and decrease of reproductive success, which aims at directly decreasing the number of birds, and reduction of habitat carrying capacity (Giunchi et al. 2012) . Because all the pigeons that inhabit the same urbanized area constitute a single large population, in any given area within a large city, the local density of pigeons will depend on the level of resource available locally but also on the number of birds present in the whole city (Morand-Ferron et al. 2009 ). This implies that, in a large city, control programs based on culling and decrease of reproductive success should be conducted throughout the urban area, which will usually be very difficult for practical reasons. Furthermore, culling has been shown to be a generally ineffective control method in pigeons (Giunchi et al. 2012) . Because they have a high intrinsic rate of increase as well as strong density-dependence for several key demographic parameters (reproductive success and recruitment rate increase at lower population densities whereas mortality decreases e.g. Haag 1991; Johnston and Janiga 1995; Hetmanski 2007;  Hetmanski and Barkowska 2007) , populations of feral pigeons have a high compensatory potential. Furthermore, when individuals are removed from a location, intraspecific competition decreases locally, which makes the location more attractive for individuals from adjacent localities (Sol et al. 2000) . Therefore, even when large numbers of birds are killed, there is no substantial lasting effect on the size of the population (e.g. Sol and Senar 1995; Kautz and Malecki 1990; Sol and Senar 1992) . In addition, killing large numbers of pigeons is ethically problematic and may be difficult to accept for the general public. In opposite, the reduction of habitat carrying capacity by the reduction of food availability and nesting sites is currently regarded as the best way to control pigeon populations, because it can produce a long-lasting reduction in population size (Haag-Wackernagel 1993) and also because it is usually well accepted by the general public (Giunchi et al. 2012) . Many cities throughout the world conduct public policies to control pigeons. We provide here results on the ecology of feral pigeon that could help local authorities to be more efficient. Indeed, we recommend that in large urban areas, management policies focus on decreasing the availability of food and nesting locations, which would allow for local control of the population size while preventing immigration from neighbouring locations within the same urban area. If culling or of reproductive success decrease programs are preferred, they should then be conducted throughout the urban area.
